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1. Introduction 
Long-period fiber grating (LPFG) sensors are 
important devices in the field of optical fiber sensors. 
Comparing with fiber Bragg grating (FBG) sensors 
(the other “traditional” technology in the field), they 
have simpler fabrication processes, lower cost, 
lower retroreflection, higher sensitivity and 
robustness in sensing applications [1–4]. The LPFG 
can be considered as a special class of the FBG in 
which the period of the index modulation, Λ, 
satisfies a phase matching condition between the 
fundamental core mode and a forward propagating 
cladding mode of an optical fiber: 
 res eff,co eff,clm mn n              (1)
where resm is the resonant wavelength of light 
coupling into a particular cladding mode m, eff,con  
and eff,clmn  are the effective refractive indexes of the 
core and mth-cladding modes, respectively. 
These devices can  produced by generating a 
period cal perturbation of the refractive indexes in 
th  core, cladding, or both along the length of an 
optical fiber. While typically the length of an FBG 
ran es from a few millimeters to about one 
centimeter with modulation periods of a few dozens 
of microns, the length of an LPFG is of the order of 
a few centimeters with periods of hundreds of 
micrometers. 
Although localized mechanical periodic 
deformation of the fiber [5] and etching of the 
cladding have been reported [6], the most common 
methods use electric arc discharges (e.g. [7, 8]) or 
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ultra-violet (UV) (e.g. [9, 10]) or mid-infrared (MIR) 
radiation (e.g. [11–14]). 
The first LPFG was introduced in 1995 by 
Vengsarkar who exposed photosensitive optical 
fibers to UV laser light [9, 10]. This procedure has 
become usual, either using an amplitude mask (as in 
the initial work) or point by point (sequential 
writing). However, the technique is limited to 
photosensitive fibers and low temperature 
applications. These drawbacks can be overcome by 
using a heating source to s multaneously generate a 
refractive index modulation in the core and cladding, 
by applying either an electric arc discharge [8] or a 
MIR laser source [12]. The later technique has better 
predictability and repeatability when using laser 
radiation, usually a CO2 laser be m. 
The first results of applying CO2 lasers 10.6 μm 
wavelength radiation to produce LPFG were 
published in 1998 by Davis et al. [11] and Akiyama 
et al. [12]. In both cases, to write a single period of a 
grating, radiation was focused to a spot by means of 
spherical lenses. Spots had dimensions of about 100 
microns, and the fiber was submitted to a traction 
force by use of a weight applied to its end (around  
4  g for Davis and between tenths and hundreds of 
grams for Akiyama). Translation stages were used to 
move the laser spot over the fiber. Single-side 
exposure and symmetric exposure to the laser 
radiation were compared by Oh et al. [14], 
demonstrating that the polarization-dependent loss 
of the first fabrication method (1.85 dB at 1534 nm) 
could be significantly reduced to 0.21 dB by 
applying the second method. Nevertheless, due to its 
simplicity, the single-side exposure is the most 
commonly used methodology. 
In the following sections, the different 
thermo-mechanical effects of the interaction 
between a MIR laser beam and a standard 
silica-based single mode optical fiber will be 
analyzed, both theoretically and experimentally. 
2. Thermo-mechan cal models 
Considering a standard silica-based optical fiber 
under tension and irradiated by an elliptical 
(Gaussian) 10.6-μm-wavelength beam emitted from 
a CO2 laser (Fig. 1), two main phenomena must be 
considered: the thermal heating due to the 
interaction between the photons and the glass 
molecular structure and the stress due to the 
differences between a relatively low-viscosity doped 
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Fig. 1 Schematic of he coordinates referential c nsidered in 
this work: the x-coordinate is coincident with the fiber’s axis, 
nd the origin is at the laser bam’s centra  point of incidence on 
the fiber side. 
Differences between the core and cladding 
thermal expansion coefficients and viscosity lead to 
residual thermal stress s and draw-induced residual 
stresses. In the case under study, these effects are 
localized and, when perio ically induced in the 
fiber’s length, can be responsible for the creation of 
the gratings. This effect is due to the refractive index 
change resulting from frozen-in viscoelasticity [16]. 
2.1 Heat transfer 
Assuming the coordinate system presented in 
Fig. 1 and neglecting the radiative and surface heat 
losses as well as the temperature dependence of the 
properties of the material, the general heat 
conduction equ tion can be solved by the Green’s 
function method for an elliptical laser heat source 
[17–19]. The resultant temperature can be obtained 
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through the equation [17, 19] 
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
    (2) 
where R is the reflectivity of the fiber’s cladding 
material, P is the incident laser power, k is the 
thermal diffusivity, K is the thermal conductivity, α is 
the thermal absorption coefficient, rx and ry are th  
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2.2 Residual stresses 
With the temperature, T, as given by (2), the 
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           (4 )
where rc is the radius of the cladding or core, E is 
the Young’s modulus, and υ is the Poisson’s ratio. 
The residual axial elastic stresses in the cladding 
and core, σcl and σco, respectively, resulting from a 
draw tension F, over the equivalent cross-sectional 
areas Acl and Aco, can be obtained from [19] 
co co
,cl
cl co co cl cl
x
A EF
A A E A E




co co cl cl
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    
        (6) 
Taking in consideration the mentioned stresses, 
the refractive index change in a silica-based optical 
fiber can be approximated by the relation [16] 
66.35 10n                (7)
where σ represents the overall (both thermal and 
drawn-induced) residual stresses (in MPa) in the 
fiber’s axial direction. Accordingly with Yablon [15], 
stresses in the other directions can be neglected. 
In the considered case, the fiber is composed of 
a low viscosity, high thermal expansion coefficient 
core and a high viscosity, low thermal expansion 
coefficient cladding, and the drawn-induced axial 
residual stresses act in opposition to the residual 
thermal str ss. One can therefore be dominant or, 
lternatively, they can even eliminate each other. 
Besides s ress-related refractive index change, 
localiz d heating can induce microdeformation of 
th  fiber and also changes in the glass structure of 
the fiber. The later is likely to occur in the core for 
which the fictive temperature (below the fictive 
temperature the glass structure doesn’t change) is 
lower [7, 21]. In literature [21], it can be found that, 
for a Ge-doped core, the fictive temperature ranges 
from 1150 K and 1500 K. However, these issues are 
not addressed in the present work. 
3. Parameters and methodologies 
3.1 Optical fiber 
The irradiated subject of this study was a 
standard single-mode fiber, SMF-28 from Corning 
Inc. [22], consisting of a core of 3.5 mol% Ge-doped 
SiO2 and a pure fused silica cladding. Table 1 
presents its main parameters and their references. 
Values from Yang et al. [17] were considered for the 
10.6-m wavelength of a CO2 laser and equals for 
both the core and the cladding. This assumption 
could be made mainly since the Ge concentration in 
the fiber’s core was very low [25–27]. 
Table 1 Considered optical fiber parameters. 
Parameter Core Cladding
Radius, r (m) [22] 4.1 62.5 
Refractive index, n (@1550 m; 300 K) [26] 1.449 1.444 
Young’s modulus, E (GPa) [27] 70.8 72 
Poisson’s ratio, ν [27] 0.165 0.173 
Reflectivity, R (@10.6 m) [17]  0.15 
Density, ρ (kg/cm3) [17]  2.210-3
Specific heat, Cp (J/kg·K) [17]  703 
Thermal conductivity, k (W/m·K) [17]  2 
Thermal diffusivity, K (m2/s) [17]  k / ρ·Cp
Absorption coefficient, α (cmἱ) [17] 250 
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3.2 Laser parameters 
Figure 2 shows a schematic of the experimental 
apparatus used for asymmetrical irradiation of the 
optical fibers. The laser source, was a 
10.6-μm-wavelength CO2 laser (Synrad 48-2), used 
with a 50-mm focal length cylindrical lens creating a 
elliptical beam on the fiber with rx = 0.15mm and   
ry = 1.75 mm. The dimensions of the beam on focus 













Fig. 2 Schematic of the irradiation setup. 
The laser radiation was applied for 0.6 s with  
delivered power of 6 W, while the fiber was 
subjected to a tension of 0.157 N, in practice 
resultant from fixing one of the ends and hanging a 
16-g weight on the other end. The fiber was 
periodically moved along its axial direction with a 
translation stage. The experimental apparatus also 
consisted of a broad band light source (Thorlabs 
S5FC1005S) and an optical spectrum analyzer (OSA) 
allowing the monitoring of the LPFG fabrication, 
while a fast camera (PCO SensiCAM), 
perpendicular to the irradiation axis, was used to 
optically visualize the process. The irradiated zones 
were analyzed using an optical microscope with an 
amplification up to 1,000×. 
4. Results and analysis 
Figure 3 shows the plots resulting from the 
simulation using (2) under the conditions mentioned 
in the previous section for the irradiated front 
surface, core/cladding interfaces (upper and lower) 
and the back surface of the fiber (Fig. 1), and x = y = 
0. The time simulated was made higher than the 
pulse duration so the cooling process could be 
visualized. Temperature reached around 1250 K at 
the interfaces between the core and cladding, and 
one could assume that the core could be considered 
as being at the same temperature. This assumption 
could not be made regarding the cladding since the 
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Fig. 3 Plots of the temperature evolution during laser 
irradiation and cooling: the curves were obtained at the optical 
fiber’s front surface, core/cladding interfaces (upper and lower) 
and at the back surface of the fiber (Fig. 1), ndx = y = 0 mm. 
One important issue when considering the 
possibility of achieving shorter periods is the 
temperature distribution in the axial direction (x). 
Figure 4 plots the temperature distribution over the 
fiber’s axial direction for the conditions previously 
mentioned for Fig. 3 for the duration of the laser 



















Fig. 4 Temperature distribution at the fiber’s axial direction 
at  = 0.6 s: the curves were obtained in the same conditions of 
those of Fig.3. 
indication n shorter LPFGs period that be 
accomplished with this method and on the 
parameters relevant to i . Figure 5 shows the
equiv l nt temperature distribution but for P =  
6.6 W and 0.3-s irradiation time. Then, for similar 
te peratures, e aff cted length (in x) is lower, 
especially for the interior pa ts. The same effect can 
also be accomplished by reducing the beam’s radius 
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Fig. 5 Plots of the temperature distribution at the fiber’s axial 
direction in the same conditions of those of Fig. 4, but for P = 
6.6 W and t = 0.3 s. 
Using (4), (5) and (6), the overall residual 
stresses can be calculated. For the considered 
example, expected axial residual thermal stresses 
(for the core and cladding) are about –50 MP  
(calculated at the core/cladding interfaces), having 
similar values along z. As expected, axial elastic 
stresses act in the opposite direction: σx,co = 12.57 MPa 
and σx,cl = 0.05 MPa. Thus, the resulting refractive 
index change (the difference between final and 
initial values) is calculated to be in the order of 
210–4 for the core and 310–4 for the cladding 
(peak induce-index changes of 2.310–4 and 
3.410–4, respectively). 
Figure 6 shows the values obtained for the 
mentioned refractive index variation along the 
fiber’s axis (x) at the front surface (cladding), the 
middle (core) and the back surface (cladding). The 
resulting refractive index distribution in the fiber  
(y, z plane), before and after the laser irradiation is 
showed in Fig.7. These values are in agreement with 
those estimated by other authors (e.g. [7, 29–32]) for 
the refractive index modulations necessary for 
achieving a fiber optic grating. 
In the previous example, the residual thermal 
stresses are higher than the elastic stresses. However, 
if heavier weights are used (increase in the draw 
tension), this balance changes which also lead to 
changes in the relation between the initial and 
irradiated refractive indexes. Since the residual 
elastic stresses for the cladding are several orders of 
magnitude lower than those for the core, this effect 
will occur basically at the core. Accordingly with the 
considered equations, under the same irradiation 
conditions, for weights higher than 60 g, t e core’s 
refractive index diminishes after irradiation. For this 
weight, the refractive index modulation in the fiber 


































Fig. 6 Plots of the fiber’s axial direction refractive index 
change at the front and back surfaces, and at the middle, for the 
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Fig. 7 Calculated refractive index profiles of the fiber, for the 
conditions considered, before and aft r laser irradiation. 
Figure 8 shows a microscope photo of an 
irradiated fiber under the conditions considered in 
this work. This zone was part of a 25-mm grating 
with a period of 500 μm, and the visible affected 
area along the fiber’s axis was about 130 μm. Also 
visible was a (small) micrometric deformation of the 
fiber. 
 
Fig. 8 Picture showing an irradiated area under the 
conditions considered in this wo k. 
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Analyzing both theoretical (Fig. 4) and 
experimental data (Fig. 8), one can consider that it is 
necessary to reach temperatures higher than 1100 K 
to accomplish an LPFG under these conditions. This 
assumption relies on the cross-analysis between the 
visible affected length of the fiber (around 130 μm) 
and the fiber’s back surface temperature for x =  
–65 μm or x = 65 μm. However, additional work 
should be performed to further validate this analysis 
and assess which temperatures (and where) are 
relevant. 
5. Conclusions 
The set of analytical expression presented in this 
work demonstrated its potential to determine the 
necessary experimental parameters for obtaining the 
required refractive index change when writing 
LPFG by CO2 laser radiation. Naturally, since these 
expressions did not consider all the physical 
phenomena (e.g. convection and radiation losses) 
and were developed assuming several 
simplifications (mainly, not considering the 
temperature dependence of the glass parameters), 
results must be carefully interpreted. Nevertheless, 
comparing the refractive index change values 
predicted by these expressions and thos  considered 
by other authors for the LPFG, give a good 
indication on their capability of being used as an 
engineering tool to develop fiber optic sensors. 
Future work will focus on continuing the 
experimental validation of these results and 
determining the effective limitations of these 
models. 
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